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Abstract
Glutamate is the major excitatory neurotransmitter in the brain and is crucial for processes such
as learning and memory.

Due its importance as a signaling molecule, the extracellular

glutamate concentration is tightly regulated, largely by the excitatory amino-acid transporters
(EAATs). In these studies, we investigated the role of EAAT1-3 in synaptic transmission at the
Schaffer-CA1 synapse in acute hippocampal brain slices.

My results demonstrated that

transport block by L-TBA resulted in glutamate spillover and activation of NMDARs. Further
investigation showed that L-TBA-mediated activation of NMDARs was facilitated by the Mg2+
unblock of the receptor. Furthermore our data indicate that NMDAR signaling was controlled by
the interplay between several factors, including synaptic frequency, glutamate transport, Mg2+
block, and NMDAR channel kinetics. We propose that the observed theta frequency threshold
for enhanced NMDAR signaling observed in physiological conditions is a consequence of a
phase shifted signal at rhythms limited by NMDAR channel kinetics. We also found that dense
fiber recruitment created conditions of spillover and glutamate pooling and therefore resulted in
an increase in AMPAR desensitization at the hippocampal Schaffer-CA1 synapse. Overall my
studies focused on the effects of glutamate spillover onto both NMDA and AMPA receptors at
the Schaffer-CA1 synapse in hippocampal slice.
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CHAPTER 1 : BACKGROUND AND SIGNIFICANCE
Presynaptic Release
During normal excitatory synaptic transmission, an action potential (AP) travels down the
axon and arrives at the presynaptic terminal. Upon arrival at the presynaptic terminal, voltagegated Ca2+ channels are opened and the influx of Ca2+ leads to the fusion and release of
neurotransmitter vesicle(s) (Miledi and Slater, 1966). When two successive stimuli are received
by the presynaptic terminal within a brief interval (i.e. 50 milliseconds), the presence of residual
Ca2+ from the first AP results in an increased release probability and a facilitation of the
amplitude of the second excitatory post synaptic potential (EPSP;Katz and Miledi,1968,
reviewed in Thomson 2000). This observation is now known as paired-pulse facilitation and is
reported as the average amplitude of the second EPSP divided by the average amplitude of first
EPSP or paired-pulse ratio (PPR). The PPR has primarily been utilized as an indication of the
probability of presynaptic release due to its inverse correlation with modifications in intracellular
calcium concentration in the terminal, while possible postsynaptic contributions to the PPR are
not well established (Katz and Miledi, 1968; Dobrunz and Stevens, 1997; Debanne et al. 1996;
Manita et al. 2007).
Glutamate Concentration in the Synaptic Cleft
Glutamate is the major excitatory neurotransmitter and therefore the maintenance of its
extracellular concentration is critical due to its’ role as a signaling molecule. The concentration
of extracellular basal glutamate in the hippocampal slice has only recently been estimated to be
in the nanomolar range as a consequence of the equilibrium thermodynamics of glutamate
transporters (~25 nM, Herman and Jahr, 2007; Zerangue and Kavanaugh, 1996). Following
vesicle fusion, glutamate diffuses across the synaptic cleft onto the postsynaptic cell where
millimolar concentrations occur for a brief time (Clements et al, 1992). The glutamate
concentration that is ‘sensed’ by postsynaptic receptors is altered by a number of factors (e.g.
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neuronal and glial glutamate transporters, synaptic architecture, diffusion rate, number of
vesicles released).

Glutamate Transporters
In the hippocampus, there are three subtypes of excitatory amino acid transporters (EAAT1-3)
that are expressed on different cell types; EAAT1/2 are expressed on glia and EAAT3 is
expressed on neurons (Danbolt, 2001). Interestingly, non-specific block of glutamate uptake in
the hippocampus has revealed cooperation between independent excitatory synapses (Asztely
et al. 1997, Arnth-Jensen et al. 2002).

The development of high affinity subtype specific

pharmacological blockers has not been completely successful, and therefore characterization of
novel EAAT blockers is an important step in understanding subtype specific effects on synaptic
signaling. β-threo-benzyloxy-aspartate (TBOA) is one of the most frequently used non-specific
transport blockers and shows similar action among all of the EAAT subtypes, yet its related
aspartate analogue L-β-threo-benzyl-aspartate (L-TBA) exhibits its highest affinity at EAAT3
compared to EAAT1 and EAAT2 (KD:2µM,12µM,9µM, respectively; Esslinger et al. 2005).
Dihydrokainate (DHK) is a derivative of EAA receptor agonist kainate and is the most commonly
used selective EAAT2 blocker (Ki:3mM,23µM,3mM at EAAT1, EAAT2, and EAAT3 respectively,
Arriza et al. 1994).

Only until recently had an EAAT1 specific blocker has been reported,

UCPH-101 (EAAT1 IC50=0.66µM, Jensen et al. 2009).

Although the affinities of the

aforementioned transport blockers are in the micromolar range, not all of them have been
throughly characterized in brain slice.
Postsynaptic response
Spatial effects
In recent years, evidence has accumulated that suggests that extrasynaptic signaling
may occur at a single synapse or cross-talk may occur between groups of synapses onto
glutamate receptors. One example of extrasynaptic signaling occurs when a single synapse
releases neurotransmitter that spills onto neighboring synapses, resulting in what has been
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termed “spillover” (Kullmann et al. 1996, Scimemi et. al 2004, Bailey et al. 2000, Pankratov and
Krishtal 2003). Another type of extrasynaptic signaling occurs heterosynaptically when the
residual glutamate concentration is elevated between multiple release sites and is referred to as
“glutamate pooling”(Otis et al. 1996). Glutamate pooling between synapses and the subsequent
crosstalk between release sites has been demonstrated in large calyceal synapses containing
large numbers of neurotransmitter release sites (Otis et al. 1996).
Ionotropic glutamate receptors
As stated above, glutamate is the primary excitatory neurotransmitter within the central
nervous system. The presynaptically released glutamate has been shown to bind postsynaptic
N-methyl-D-aspartic acid (NMDA) and alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic
acid (AMPA) receptors.
AMPARs
When glutamate arrives at the postsynaptic density, it binds to two subtypes of ionotropic
glutamate receptors, the AMPAR and the NMDAR, which shape the kinetics of the EPSP.
AMPA receptors display fast decay kinetics in which they are rapidly activated, desensitized,
and deactivated, and have a low affinity (EC50=46 µM) for glutamate (Attwell & Gibb, 2005;
Weston et al. 2006, Jones & Westbrook 1996). Although AMPARs were originally hypothesized
to be insensitive to glutamate pooling and spillover (Kullman & Asztely, 1998), models of
intersynaptic pooling due to multiple vesicular release sites and pharmacological blockade of
glutamate uptake have demonstrated resultant AMPAR activation and desensitization (Otis et al.
1996). AMPAR desensitization occurs when glutamate is bound to the receptor yet the cation
channel is conformationally altered by relaxation of the dimer interface into the ‘inactive’
desensitized state (Weston et al. 2006). CA1 pyramidal neurons in the hippocampus have
displayed a lack of AMPAR desensitization after a single excitatory post synaptic current
(EPSC) during basic synaptic transmission (Hjelmstad et al. 1999) yet when high-frequency
repetitive stimuli were applied to CA1 patches, evidence of AMPAR desensitization occurred
(Arai & Lynch 1998). Specifically, Arai and Lynch (1998) demonstrated that stimuli administered
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at 50 Hz to CA1 patches led to a decrease in the amplitude of the subsequent pulses, which
was reversed by the AMPA-desensitization blocker cyclothiazide.

Additionally, it has been

argued that the rapid clearance of glutamate from the synapse via diffusion and transporter
uptake limits the decay of the AMPAR response by the desensitization and dissociation of
glutamate from the receptor (Tong & Jahr 1994). A majority of the evidence for the spatial role of
release site proximity and short-term plasticity has been reported in the calyceal synapse of
Held and in the chick brainstem (See review von Gersdorff & Borst 2002, Otis et al.1996). This
synapse exhibits a high probability of multivesicular release (MVR) from multiple release sites
that results in a low concentration of glutamate pooling from neighboring sites which appears to
desensitize AMPARs (Otis et al. 1996). In other cases, the concentration time course of
glutamate in the cleft has been prolonged by an increased number of presynaptic release sites
and leads to glutamate pooling (Otis & Trussell 1996).
NMDARs
The NMDA receptors have a voltage-dependent magnesium block (Mayer et al. 1984), a
high affinity for glutamate, a slow glutamate unbinding rate, and are slow to desensitize (Attwell
and Gibb, 2005).

NMDARs are particularly sensitive to the effects of glutamate spillover

because of the high affinity for glutamate and the slow desensitization rates (Diamond 2001,
Asztely et al. 1997, Scimemi et al. 2004).

Although a general consensus from work at the

hippocampal Shaffer-CA1 pyramidal synapse is that transporter activity does not acutely modify
synaptic AMPAR responses (Isaacson and Nicoll, 1993; Sarantis et al., 1993); rather, inhibition
of transport leads to glutamate spillover and activation of extrasynaptic NMDAR receptors
(Asztely et al., 1997; Lozovaya et al., 1999; Diamond, 2001, Arnth-Jensen et al. 2002; Tsukada
et al., 2005; Scimemi et al., 2009). This evidence comes primarily from voltage-clamp
recordings to investigate the effects of glutamate transport blockers on postsynaptic NMDAR
currents. A notable limitation of previous studies examining the influence of glutamate transport
on NMDAR EPSCs arises from the necessity of recording in non-physiological voltage clamp
conditions due to voltage-dependent block by Mg2+ (Mayer et al. 1984). Under these voltage
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clamp conditions cells are held at -60mV, near the cells normal resting potential, yet are unable
to undergo the voltage changes that occur during depolarization. In these studies we recorded
NMDA-EPSCs in CA1 pyramidal neurons with the selective glutamate transporter blocker Lthreo-beta-benzylaspartate (TBA; Esslinger et al. 2005; Sun et al, 2011) and confirmed the
contribution of transport to restricting glutamate diffusion to extrasynaptic NMDARs.
Evidence has accumulated for extrasynaptic signaling in the CA1 region of the
hippocampus (Kullmann et al. 1996, Kullmann and Asztely, 1998, Diamond 2001, Scimemi et.
al. 2009). This diffusion of glutamate out of the synapse is hypothesized to result in
extrasynaptic NMDAR activation (Scimemi et al. 2004, Lui et al. 2004, Bartlett et al. 2007). This
phenomenon has been referred to as glutamate “spillover” (reviewed in Diamond 2002) and is
dependent upon the presynaptic release probability and glutamate uptake by the excitatory
amino acid transporters (EAATs; Lozovaya et al. 1999, Asztely et al 1997). Although previous
research suggests that spillover onto NMDARs is mediated by the neuronal EAAT3 subtype
(Scimemi et. al 2009), we provide evidence that spillover may be mediated by another EAAT
subtype in the following chapters.
Long-term Potentiation
Within the field of synaptic physiology, it has been long postulated that neurotransmitter
released from a single presynaptic site activates post-synaptic receptors only within that
synapse, resulting in synaptic specificity (Hebb,1949). The principles of “homosynaptic”
signaling provided the initial framework to identify and understand a variety of synapse
modification mechanisms, including long-term potentiation (LTP) within the Schaffer collateral
pathway of the hippocampus is mediated by NMDA receptors (Bliss and Lomo, 1973; Bliss and
Collinridge, 1993; Malenka and Nicoll, 1999). In a study that investigated the role of the
NMDARs in an LTP synaptic transmission protocol, glutamate spillover onto postsynaptic
NMDARs was observed (Kullmann et al. 1996). Using voltage-clamp experiments, Diamond
(2001) demonstrated that neuronal glutamate transporters limit glutamate spillover onto extrasynaptic NMDARs within CA1 hippocampal slice preparations. In fact, the NR2B subunit of the
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NMDAR has been shown to be affected preferentially by glutamate spillover in hippocampal
synapses and mediates LTP (Scimemi et al. 2004, Lui et al. 2004, Bartlett et al. 2007).
LTP is input specific and requires the activation of NMDARs due to their co-incident
detection properties. NMDARs require the binding of glutamate and a postsynaptic
depolarization to free the Mg++ block from the pore (Attwell and Gibb, 2005). Activation of the
NMDAR and the opening of its pore leads to the influx of Ca++ and Na+ into the post-synaptic
cell. The influx of calcium leads to the activation of several protein kinases including the
calcium/calmodulin-dependent protein kinase II (CaMKII). Activation of these calcium sensitive
kinases eventually lead to downstream effectors and transcriptional pathways that effect the
expression and placement of AMPA receptors and in turn long term plasticity (Bailey et al.
2000). The most effective LTP induction protocols are generally brief periods of intense
stimulation. The most widely used and most effective protocols for LTP induction are
administered at theta frequency (5-7Hz), which also is the endogenous frequency at which
neurons fire during periods of learning and memory (Stella and Treves, 2011).
Frequency dependence
The NMDA receptors have a high affinity for glutamate, are slow to desensitize, a slow
glutamate unbinding rate, and a voltage-dependent magnesium block (Attwell and Gibb, 2005).
In contrast, AMPARs have a low affinity for glutamate, quickly desensitize, a quick unbinding
rate, and are non-voltage gated. Although during synaptic transmission the binding rate of
glutamate for AMPARs and NMDARs are 4x106M-1s-1 and 5x106M-1s-1 respectively, their
unbinding rates differ drastically (AMPAR Koff = 2,000s-1, NMDAR Koff=5s-1; Attwell and Gibb,
2005). The slow unbinding rate of glutamate and the unbinding rate of Mg++ from the NMDAR
assist in its function as a coincidence detector. The high-affinity NMDARs are able to temporally
integrate the information from the low-affinity and quickly activated AMPARs (Attwell and Gibb,
2005). NMDARs participate in high-frequency synaptic transmission, yet their involvement in
low-frequency transmission is greatly suppressed by the time course of Mg2+ block (Herron et
al. 1986).
14

In order to study the physiologically relevant conditions, i.e. normal extracellular [Mg2+]
without voltage clamp, we isolated AMPAR- and NMDAR-mediated components of extracellular
fEPSPs in hippocampal slices. In the following studies we found that at low frequencies of
synaptic activity, the influence of glutamate transport on synaptic signaling at the Shaffer-CA1
pyramidal cell synapse was minimal. At frequencies greater than ~5Hz (Theta frequency)
NMDAR signaling was facilitated due to relief of Mg2+ block from glutamate-occupied NMDARs,
and this effect was greatly increased by inhibition of glutamate transport by L-TBA. The data
suggest that NMDAR signaling and LTP is controlled by the interaction of factors including
synaptic frequency, transport, Mg2+ block, and NMDAR channel kinetics.
Pathological Significance
Epileptic seizures are a pathological condition that occur when a large ensemble of
excitatory presynaptic sites synchronously release. Administration of the AMPA antagonist
NBQX in the first 48 hours after seizures attenuates a long-term increase in seizure
susceptibility and seizure-induced neuronal injury in hippocampus (Koh et al. 2004).
Alternatively, application of an AMPAR desensitization blocker cyclothiazide leads to an increase
in seizure behavior in hippocampal neurons (Kong et al. 2010, Lasztoczi and Kardos, 2006, Qi
et al., 2006). Therefore, the negative feedback of AMPAR desensitization is an intrinsic receptor
property of AMPAR receptors that prevents epileptiform activity in the hippocampus. Although
the pathological effects of non-specific and excessive glutamatergic signaling is observed in
epilepsy, it also occurs during stroke, traumatic brain injury, and Alzheimer's disease (reviewed
by Bert and O’Shea, 2007); and therefore understanding the underlying molecular events is
critical.

15

CHAPTER 2: METHODS
Solutions. Artificial cerebrospinal fluid (ASCF; mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2,
1.2 NaH2PO4, 21.4 NaHCO3, 11.4 glucose, pH 7.15-7.30. ACSF was bubbled to saturation with
95%O2/5%CO2. Partial sucrose cutting ringer (mM): 79.9 NaCl, 2.5 KCl, 70 sucrose, 1.25
NaH2PO4, 0.5 CaCl, 7.0 MgCl2, 24.9 glucose, 25.2 NaHCO3, 1.0 Kynurenic acid, 1.0 NaOH
maintained at <4℃ (modified from Geiger et al. 2000; Bischofberger et al. 2006)
Hippocampal slice preparation. Rodents were anesthetized with isofluorane and decapitated in
accordance with IACUC approved guidelines. The brain is rapidly dissected out and placed in
ice cold cutting ringer (see above). Transverse hippocampal slices (350 µm thick) were cut
using a VT1000S vibrating microtome (Leica, Germany), then hemisected and placed in ACSF
(see previous description) and maintained at 30° C (pH 7.3). Slices are allowed at least 1 hour
to recover before being placed in a submersion type recording chamber constantly perfused
(1.6-1.9 ml/min) with saturated ACSF at 30°C.
Animals. Rats were obtained from... EAAT3-KO mice were obtained from Dr. Ray Swanson
(UCSF).
Electrophysiological recordings.Field excitatory post synaptic potentials (fEPSPs) were recorded
using glass stimulating electrodes (X Mohm) filled with ACSF (pH 7.3) solution and induced by
stimulating in S. radiatum of CA1 (vendor and catalog number of stimulating device(s)).
Stimulation strength was adjusted to a range of subthreshold fiber volley amplitudes. A stable
baseline was acquired for at least 20 minutes before further treatments were applied. fEPSP
responses were monitored at 0.05 Hz. Paired-pulse stimulation was delivered at a 50 msec
interval. fEPSPs were recorded using a Geneclamp 500 amplifier (Molecular Devices,
Sunnyvale, CA, USA, country) and AxographX software (version 1.1.6, John Clements, Berkely,
CA, USA).
Whole-cell recordings. Slices were visualized on an upright fixed-stage microscope (Olympus
BX51WI) equipped with infrared differential interference contrast optics. CA1 pyramidal cells
were voltage clamped at -60 to -70mV. The whole recording pipette (3-6MΩ resistance) was
16

filled with internal solution containing (in mM): K-gluconate 150, HEPES 10, NaCl 8, EGTA 0.5,
MgATP 4, and NA3GTP 0.3, QX314 5. Recordings were made with an Axopatch 200B amplifier
(Axon Instruments, Foster City, CA), and data were acquired (sample frequency, 5-10 kHz; filter
frequency, 2-5 kHz) and analyzed with AxographX. .
Data analysis. All acquisition and analysis protocols were created using AxographX and
Kaleidagraph (version 4.04, Synergy Software, Reading , PA, USA). Paired-pulse ratios were
calculated by averaging five pulses at each stimulus strength, in order to protect against
spurious PPF that can mask the intrinsic paired-pulse property of the synapse (Kim & Alger,
2001). The mean paired-pulse ratio was obtained by dividing the second fEPSP by the first
fEPSP t. Statistical comparisons of differences between experimental groups were performed
using a Student’s t-test.
Ethics statement.Mice and frogs used in this study were treated in a manner to minimize
suffering, and were anesthetized with isofluorane or Tricaine respectively, and decapitated in
accordance with NIH and University of Montana regulations. The study was approved by the
University's IACUC (protocol approval 03905).
Chemicals and reagents.
Reagents were purchased from Sigma, except CNQX and DL-APV (Tocris) and DL-TBOA
(Ascent). Stock solutions of TBOA was dissolved in DMSO at 50mM. L-TBA was synthesized
and purified as described (Esslinger et al. 2005) and a stock solution was dissolved in DMSO at
50mM. Data are presented as mean ± SEM and statistical significance evaluated by Student's
paired (drug effects) or unpaired (transgenic effect).
Oocyte recording.
Stage V Xenopus oocytes were microinjected with approximately 50 ng of human
EAAT1, EAAT2, or EAAT3 cRNA and two-microelectrode voltage clamp recordings were
made 3-5 days later at 22° with Molecular Devices amplifiers and A/D interfaces.
Oocytes were superfused with Ringer containing (in mM) 96 NaCl, 4 KCl, 1.8 CaCl2, 1.0
MgCl2, 5 HEPES pH 7.4 and were voltage clamped at -30 mV.
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Computational modeling.
Human EAAT3 sequence (GenBank http://www.ncbi.nlm.nih.gov) was aligned with the Protein
Data Bank (PDB) sequence of the archaeal homologue GltPh (2NWW.pdb) according to Boudker
et al.. The EAAT3 homology model was constructed by threading the aligned sequence along
PDB coordinates using the SwissProt server (http://swissmodel.expasy.org//SWISSMODEL.html). The resulting model was optimized through local energy minimizations of regions
with high steric and electrostatic interference using the AMBER7 force field in the Tripos
SYBYL8.0 platform. Representations of L-TBA and L-TBOA were docked using GOLD v.3.0.1
(http://www.ccdc.cam.ac.uk/) into the EAAT3 model and evaluated using the ChemScore
scoring function. Structures were seeded within a sphere of radius 8Å from the α-carbon of L-3Br-TBOA in 2NWW. The structures from three separate docking run (30 seeds/run) were
evaluated for electrostatic interactions with residues that have been shown to confer substrate
and inhibitor specificity. We screened docked structures for two interactions between EAAT3
R447 and inhibitor distal oxygens and between EAAT3 D444 and the inhibitor α-amino group.
Structures with the lowest estimated ΔG values were incorporated into the homology model and
represented using PyMol1.3.

Mouse hippocampal slice preparation and recording
P18-26 CD1 wild-type or EAAT3 (-/-) siblings (Raymond Swanson, UCSF) were anesthetized
with isofluorane and decapitated in accordance with University of Montana IACUC regulations
(protocol approval number 039 05). The brain was rapidly dissected and placed in ice-cold
solution containing (in mM): 80 NaCl, 24 NaHCO3, 25 glucose, 75 sucrose, 2.5 KCl, 1.25
NaH2PO4, 0.5 CaCl2, 5 MgCl2, 1 ascorbic acid, 3 Na pyruvate. The solution was saturated with
95% O2 and 5% CO2 (pH 7.3). Coronal hippocampal slices (300µm thick) were cut using a
vibratome (VT1200S, Leica, Germany), then hemisected and placed in artificial cerebral spinal
fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 11.4
glucose, and 21.4 NaHCO3 saturated with 95%O2 and 5% CO2 (pH 7.3) and maintained at
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30°C. Slices were allowed at least 1 hour to recover before being placed in a submersion-type
recording chamber perfused at 1.6-2.0 ml/minute with ACSF at 30°C. Slices were visualized on
an upright fixed-stage microscope (Olympus BX51WI) equipped with infrared-differential
interference contrast optics. The recording pipettes (3-6MΩ resistance) were filled with internal
solution containing (in mM): 110 Cs methanesulfonate, 38 CsCl, 10 HEPES, 10 Naphosphocreatine, 0.1 EGTA, 4.0 Mg-ATP, 0.3 GTP, 5 QX-314, pH=7.3. Series resistance
(typically 15-20 MOhm), was monitored at regular intervals. The recording was terminated if a
change of >20% was observed. Holding potential was -60 to -70 mV. 100µM picrotoxin was
added to the ACSF for whole-cell recordings and a cut was made between CA3 and CA1.
Whole cell recordings of synaptically activated transport currents (STCs) in astrocytes in
CA1 stratum radiatum were made with assistance of fluorescence visualization following
incubation in 2 µM SR-101 (20 min; Sigma) and 1h washout. Recordings were made in ACSF
including (in µM) 100 picrotoxin, 50 DL-APV, 20 CNQX, 10 8-CPT. Astrocytes were clamped at
-90 mV (resting potential -80 ± 1.5 mV; 9.1 ± 0.8 MOhm input resistance, n=4). Peak current
amplitudes were determined following baseline subtraction of persistent current at 200 ms
following stimulation. Stimulation intensity was 80-100 µA and the stimulating electrode was
approximately 100 µm from the recording site.
Extracellular field excitatory post synaptic potentials (fEPSPs) recordings
Extracellular field excitatory post synaptic potentials (fEPSPs) were recorded using glass
electrodes filled with ACSF. Recordings were made with analog-digital converters and amplifiers
from Molecular Devices, and data were acquired at 20kHz and filtered at 5-10 kHz. Acquisition
and analysis software was AxographX (Sydney, Australia, version 1.1.6). EPSCs and fEPSPs
were induced with 100 µs current pulses between 100-400 µA administered through ACSF-filled
stimulating pipettes placed in CA1 stratum radiatum. EPSC charge transfer changes and
fEPSP prolongation were quantified by integrating the area from the peak of the response
(normalized to control) to 100 ms after the peak. Areas of the fEPSPs elicited by a burst of 2 or
3 stimuli were calculated after subtraction of responses to 1 and 2 stimuli, respectively.
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Outside-out patch recordings
Outside-out patches were pulled from the soma of CA1 pyramidal neurons from CD1 mice
(P9-22) identified under transmitted IR DIC optics. Patches were held at -60mV with a pipette
solution containing (in mM): 150 K-gluconate, 10 HEPES, 8 NaCl, 0.5 EGTA, 4 MgATP, and 0.3
NaGTP, pH 7.3. Patch recordings were made at room temperature. Drug solution was applied
through a 200µm diameter theta tube attached to a piezoelectric bimorph. Solution change
kinetics were estimated following patch rupture by measuring junction currents during switches
between iso- and hypo-osmotic solutions as shown above current records. NMDAR currents
were recorded in nucleated patches with Mg2+-free ACSF containing 20 µM CNQX and 20 µM
glycine. L-glutamate with or without L-TBA (each at 100µM) were applied in alternating order for
100 ms or 400 ms to induce AMPAR or NMDAR currents respectively. Averages of 5-10
responses to repetitive application are shown with an interpulse interval of 3 sec for AMPAR
experiments and 10 sec for NMDAR experiments.

Nucleated outside-out patch recordings
Nucleated patches were pulled from the soma of CA1 pyramidal neurons of CD1 mice (P10-12)
identified under transmitted IR-DIC optics. Intracellular pipette solution contained (in mM): 60
Cs-methanesulfonate, 38 CsCl, 20 Cs4BAPTA (4*CsOH+BAPTA), 10 HEPES, 10 Naphosphocreatine, 4 MgATP, and 0.3 NaGTP, 5 QX-314, pH 7.3 (adjusted by HCl or CsOH).
Patch recordings were made at 25° in the presence of 20 µM CNQX. L-glutamate (1 mM) was
applied for 1 ms through a 200 µm diameter double-barreled theta tube attached to a
piezoelectric bimorph. Solution change kinetics were estimated following patch rupture by
measuring junction currents during switches between iso- and hypoosmotic solutions as shown
above current records. To investigate the kinetics of Mg2+- blocked channels, 5 ms voltage
pulses from -60mV to -20mV or +40mV were applied at varying intervals as indicated following
the glutamate pulse. NMDAR-mediated currents were also recorded at -60 mV in Mg2+-free
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ACSF containing 20 µM CNQX and 20 µM glycine. Control voltage jump recordings without a
glutamate pulse were made to subtract leak and capacitance currents. Averages of 5-10
responses to repetitive application are shown.
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Abstract
In this study we characterized the pharmacological selectivity and physiological actions
of a new arylaspartate glutamate transporter blocker, L-threo-ß-benzylaspartate (L-TBA).
At concentrations up to 100 µM, L-TBA did not act as an AMPA receptor (AMPAR) or
NMDA receptor (NMDAR) agonist or antagonist when applied to outside-out patches
from mouse hippocampal CA1 pyramidal neurons. L-TBA had no effect on the amplitude
of field excitatory postsynaptic potentials (fEPSPs) recorded at the Schaffer collateralCA1 pyramidal cell synapse. Excitatory postsynaptic currents (EPSCs) in CA1 pyramidal
neurons were unaffected by L-TBA in the presence of physiological extracellular Mg2+
concentrations, but in Mg2+-free solution, EPSCs were significantly prolonged as a
consequence of increased NMDAR activity. Although L-TBA exhibited approximately
four-fold selectivity for neuronal EAAT3 over glial EAAT1/EAAT2 transporter subtypes
expressed in Xenopus oocytes, the L-TBA concentration-dependence of the EPSC
charge transfer increase in the absence of Mg2+ was the same in hippocampal slices
from EAAT3 +/+ and EAAT3 -/- mice, suggesting that TBA effects were primarily due to
block of glial transporters. Consistent with this, L-TBA blocked synaptically evoked
transporter currents in CA1 astrocytes with a potency similar to its block of
heterologously expressed glial transporters. Extracellular recording in the presence of
physiological Mg2+ revealed that L-TBA prolonged fEPSPs in a frequency-dependent
manner by selectively increasing the NMDAR-mediated component of the fEPSP during
short bursts of activity. The data indicate that glial glutamate transporters play a
dominant role in limiting extrasynaptic transmitter diffusion and binding to NMDARs.
Furthermore, NMDAR signaling is primarily limited by voltage-dependent Mg2+ block
during low-frequency activity while the relative contribution of transport increases during
short bursts of higher frequency signaling.
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Introduction
Five major subtypes of excitatory amino acid transporters exist in the CNS, and
three of these (EAAT1-3; also known as GLAST, GLT-1, and EAAC1) are expressed in
forebrain with distinct distribution patterns on astrocytes (EAAT1 and EAAT2) and
neurons (EAAT3) (Furuta et al. 1997). Studies utilizing glutamate uptake inhibitors
broadly indicate that the transporters play key roles in glutamate homeostasis, and that
they can in some cases shape receptor dynamics during synaptic transmission
(Tzingounis & Wadiche 2007). While the synaptic effects of glutamate transport inhibition
vary widely in different brain regions, studies at the hippocampal Schaffer collateral-CA1
pyramidal cell (SC-PC) synapse generally indicate that transporter activity does not
strongly modify synaptic AMPAR responses [Isaacson & Nicoll, 1993; Sarantis et al.
1993; but see Tong & Jahr,1994; Tsukada et al., 2005]. In contrast, extrasynaptic
NMDAR activity is enhanced by glutamate uptake block in this region (Asztely et al.,
2007; Lozovaya et al., 1999; Diamond, 2001; Arnth-Jensen et al., 2002; Scimemi et al.
2009).
The relative contributions of the glial EAAT1 and EAAT2 and neuronal EAAT3
subtypes to restricting the spread of synaptically released glutamate from the SC-PC
synapse is presently unclear. EAAT2 and EAAT3 are the dominant transporters in
forebrain astrocytes and neurons, respectively, while EAAT1 is found on forebrain
astrocytes at lower levels (Lehre & Danbolt, 1998). The widely used glutamate uptake
blocker DL-TBOA blocks EAAT2 and EAAT3-mediated [3H]L-Glu uptake with IC50 values
approximately seven-fold lower than for EAAT1 (Shimamoto et al., 2000), and studies
utilizing DL-TBOA indicate that it can induce spillover of synaptic glutamate onto
NMDARs in hippocampus (Asztely et al., 2007; Lozovaya et al., 1999; Diamond, 2001;
Arnth-Jensen et al., 2002; Scimemi et al. 2009). More selective inhibition of the
postsynaptic neuronal transporter EAAT3 by intracellular ion substitution during whole
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cell recording or genetic manipulation also leads to augmentation of NMDAR-mediated
EPSCs as well as changes in synaptic plasticity (Diamond, 2001; Scimemi et al. 2009).
In addition to uncertainty surrounding the detailed roles of individual EAAT subtypes in
hippocampus, another issue concerns the general role of glutamate transport in
restricting NMDAR signaling in the hippocampus under physiological conditions, since
this effect has only been reported in conditions permissive for channel activity, i.e.
voltage clamp of the postsynaptic neuron at positive potentials or in Mg2+-free ACSF
(Asztely et al., 2007; Lozovaya et al., 1999; Diamond, 2001; Arnth-Jensen et al., 2002;
Scimemi et al. 2009).
Threo-ß-benzylaspartate (TBA) is a new arylaspartate derivative that is
structurally related to TBOA, but with a shorter aryl linkage. In contrast to DL-TBOA, LTBA displays moderate selectivity for the neuronal EAAT3 subtype over EAAT1 and
EAAT2 (Esslinger et al., 2005). In this work we show that L-TBA is highly selective for
glutamate transporters over ionotropic glutamate receptors expressed on CA1 pyramidal
cells and examined its effects on NMDAR activity during synaptic transmission at the
Schaffer-CA1 synapse in wild-type and transgenic mice lacking the neuronal EAAT3
glutamate transporter to gain insights into the respective roles of glial and neuronal
transporters. We also compared its actions on postsynaptic signaling using voltage
clamp as well as extracellular recording to gain insights into the role of transporters in
physiological conditions. The data suggest that glial transporters restrict synaptically
released transmitter binding to NMDARs to a significantly greater extent than neuronal
transporters. Further, voltage-dependent Mg2+ block plays a dominant role in limiting
NMDAR signaling during low-frequency activity, while the relative influence of transport
increases during short bursts of activity.
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Results
Computational docking of TBA with glutamate transporters
We constructed an EAAT3 model using published homologous archaeal GltPh structures
(Boudker et al., 2007, Yernool et al., 2004) and docked aryl-aspartate analogs in order to
identify and compare plausible structural interactions. A single Na+ ion was positioned in
the structure according to the structural determination of a Tl+ ion in the GltPh/L-3-BrTBOA complex (Boudker et al., 2007) and corresponding to electrostatic predictions of
Na+ ion binding sites in EAAT3 (Holley & Kavanaugh, 2009). The EAAT3 residues R447
and D444 interact with the γ-carboxylate and the α-amino group of transported
glutamate and determine substrate specificity (Bendahan et al., 2000; Teichman &
Kanner, 2007). The computationally docked L-TBA complex suggested corresponding
electrostatic interactions between the blocker carboxyl and amino groups with the R447
and D444 residues in EAAT3 (Figure 1A). The most energetically favorable L-TBA
complexes corresponded to the benzyl group orientation of L-3-Br-TBOA that was
determined in the GltPh crystal structure, with interactions between the ring and nonpolar residues near the tip of HP2. Interestingly, when computational docking of L-TBOA
was performed, an energetically favorable conformation was observed that involved an
interaction of R447 with the ether group of the blocker. This alternate orientation
positions the benzyl group in an ‘up’ conformation perpendicular to the membrane and
parallel to TMD7, and aligns it with non-polar residues in TM7, TM8 and HP2 (Figure
1B). Docking energies (Table 1) predict that L-3-Br-TBOA could orient in either
conformation while L-TBOA is predicted to predominantly align in the perpendicular, ‘up’
orientation, and L-TBA aligns predominantly in the ‘down’ conformation parallel to the
membrane plane.
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Figure 3.1. Interaction of L-TBA with EAATs. (A) Docking of L-TBA (green) and L-TBOA
(gray) in EAAT3 model showing overlap of functional groups interacting with R447 and D444,
with benzyl groups oriented toward extracellular loop HP2 as seen in (Esslinger et al., 2005). (B)
Surface depiction of the transporter binding site (hydrophobic regions blue) showing L-TBA and
alternate docking orientation of L-TBOA with benzyl ring aligned in alternate hydrophobic
pocket.
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Interaction of L-TBA with glutamate transporters
L-TBA inhibits uptake mediated by heterologously expressed EAATs, with preference for
the neuronal glutamate transporter subtype EAAT3 (Esslinger et al. 2005). However,
transport currents mediated by the major glial subtypes are also blocked in Xenopus
oocytes expressing the transporters (Figure 2A,B). To examine the actions of L-TBA on
glial transporters in situ, synaptically activated transport currents (STCs) were recorded
in astrocytes in stratum radiatum of area CA1 in mouse hippocampal slices. Currents
evoked by stimulation in the presence of ionotropic blockers CNQX (20 µM) and DL-APV
(50 µM) revealed a current with properties consistent with glial transporters EAAT1 and
EAAT2 together with a slowly decaying potassium current as previously described
(Bergles & Jahr, 1997). The STC, or transporter-mediated component of the evoked
current, peaked and decayed within approximately 20 ms (Figure 2C2). The peak STC
was blocked 67±10% by 30 µM L-TBA (n=4; Figure 2C).
Effects of TBA on fast excitatory synaptic transmission
Because the potential actions of L-TBA on ionotropic glutamate receptors have not been
examined, its functional effects on receptor currents recorded in outside-out patches from CA1
pyramidal neurons were first evaluated. Fast application of 100 µM L- Glu alone induced robust
AMPAR and NMDAR currents, while application of 100 µM L-TBA alone failed to induce
measurable currents (Figure 3). Co-application of 100 µM L-TBA showed no antagonism of the
AMPAR (101.2±2.0% of control; n=4; p>0.6) or NMDAR currents (98.7±2.3% of control; n=5,
p=0.59; Fig. 3C) induced by 100 µM L-Glu.
The amplitude of fEPSPs elicited by .05 Hz stimulation in stratum radiatum was not
affected by application of 30 µM L-TBA (100±3% of control; n=41 slices). There was also no
significant change in the 50 ms paired-pulse facilitation of the peak amplitude of fEPSPs
induced by L-TBA (control, 1.72±.03; TBA, 1.60±.08; p>.05). In whole cell voltage clamp
recordings from CA1 pyramidal neurons, the effect of L-TBA on EPSC kinetics was highly
[Mg2+]-dependent (Figure 4).
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Figure 3.2. Effects of L-TBA on native and recombinant transporters. (A) Effect of 30µM LTBA on synaptically activated transport current (STC) in hippocampal CA1 astrocyte. (A1)
Currents in the presence or absence of L-TBA were evoked by stimulation in stratum radiatum
in the continuous presence of ionotropic receptor antagonists (see methods). (A2) Subtracted
current (control - L-TBA). 30µM L-TBOA blocked 66.7±10.4 of the peak STC (n=4). (B)
Representative recording from voltage-clamped Xenopus oocyte expressing astrocyte
transporter subtype EAAT2. 100 µM L-TBA partially blocks equimolar L-Glu uptake current
mediated by EAAT2. (C) Summary of L-TBA concentration-dependence of block of 100 µM LGlu currents in oocytes expressing EAAT1-3, showing approximately four-fold selectivity for
EAAT3 by least-squares minimized fits to mean data generating IC50 values of 56, 52, and 13
µM, respectively.
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Figure 3.3. Representative recordings from outside-out patches excised from CA1
pyramidal neurons illustrating AMPAR and NMDAR responses to rapid application of 100
µM L-glutamate and/or 100µM L-TBA for durations indicated by solution exchange traces
above. Responses at -60mV showing lack of agonist or antagonist actions of L-TBA on
AMPARs (A; with 1.2 mM Mg2+) and NMDARs (B; with 0 mM Mg2+/20µM glycine/20µM CNQX).
Scale bars are 50/200 ms and 50/100 pA for AMPAR/NMDAR responses respectively. (C)
Summary of mean effects of 100µM L-TBA on 100µM L-Glu AMPAR and NMDAR responses.
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Figure 3.4. Actions of L-TBA (30 µM) on postsynaptic responses at the CA1 Schaffer
collateral-pyramidal neuron synapse of EAAT3 +/+ (A) and EAAT3 -/- (B) mice.
Representative whole cell recordings (-60 mV) showing effect of L-TBA on EPSCs evoked by
stimulation in stratum radiatum in the presence (A1, B1) and absence (A2, B2) of physiological
extracellular Mg2+ (1.2 mM). (C) Summary of data showing EPSC charge transfer increase in
slices from EAAT3 (+/+) and (-/-) mice by 30 µM L-TBA in the absence and presence of Mg2+
(n=5-7 slices; p<0.05). (D) Summary of data showing statistically identical L-TBA concentrationdependence of EPSC charge transfer increase (normalized to control) for EAAT3 +/+ (open
squares) and EAAT3 -/- (filled squares) (n=4).
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Figure 3.5. Actions of L-TBA on field responses at the CA1 Schaffer collateral-pyramidal
neuron synapse. (A) Representative field EPSPs elicited in response to three stimuli delivered
at 20 Hz in stratum radiatum. 30 µM L-TBA (black trace) prolonged fEPSPs relative to control
(gray trace) in an activity-dependent manner (p=0.02). The TBA prolongation was inhibited by
co-application of 50µM DL-APV (2nd black trace). (B) Summary of effects on fEPSP timeintegrals elicited by 1, 2 and 3 stimuli normalized to corresponding fEPSPs in control ACSF
(*p<.05 paired t-test; n=9 slices for one and two stimuli, n=5 slices for three stimuli).
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In Mg2+-free ACSF, 30 µM L-TBA significantly prolonged evoked EPSCs. The charge transfer in
the presence of L-TBA was 141±6% of that without drug (n=6; p<.05), with no significant effect
on the peak amplitude (102±7% of control, n=6). The effect of L-TBA on EPSC kinetics was
presumed to be mediated by NMDAR activity, because in the presence of physiological (1.2
mM) Mg2+, 30 µM TBA had no effect on the time course of the EPSC (charge transfer 101±3%;
p=.78, n=4; Fig.4A1). The prolongation was also not seen in the presence of 50 µM DL-APV in
the absence of Mg2+ (data not shown). The effects of L-TBA on the EPSC charge transfer were
concentration-dependent and not statistically different for EAAT3 (+/+) and EAAT3 (-/-) mice
(Figure 4C,D).
Extracellular recording in the presence of physiological (1.2 mM) Mg2+ revealed an effect
of L-TBA on fEPSP kinetics that exhibited pronounced frequency-dependence. L-TBA (30 µM)
slightly prolonged fEPSPs elicited by low-frequency (.05Hz) stimulation, while time-integrals of
fEPSPs recorded during a brief 20Hz burst prolonged the time course of the fEPSP significantly
further (Figure 5; 31±7% vs 69±21% for the first and second fEPSPs, respectively, n=9, p=.02).
Increasing stimulus strength to increase the fEPSP magnitude by an amount comparable to the
frequency facilitation had no effect on the time course of the fEPSP (data not shown). The LTBA-induced prolongation at both low and high frequencies was not observed in the presence
of 50 µM APV (Figure 5).
Discussion
Selective glutamate uptake blockers are critical tools for studying the roles of
glutamate transporters in modulating synaptic activity (Asztely et al., 2007; Lozovaya et
al., 1999; Diamond, 2001; Arnth-Jensen et al., 2002; Scimemi et al. 2009). Both the
widely used DL-TBOA and the newer analog characterized in this study are ßsubstituted aryl aspartate analogs. The data presented demonstrate that L-TBA is
selective for glutamate transporters over ionotropic glutamate receptors expressed on
pyramidal neurons, as it neither antagonized ionotropic receptor responses to equimolar
glutamate nor activated responses at concentrations up to 100µM. Unlike TBOA, TBA
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lacks an ether linkage between the aryl group and the amino acid, resulting in a slight
change in distance and bond angle of the benzyl ring relative to the aspartyl group
(Figure 2A). The computationally predicted docking orientation of L-TBA was similar to
the reported structure of L-3-Br-TBOA complexed with the archaeal homolog GltPh
(Boudker et al., 2007), with key electrostatic interactions involving R447 and D444 in
TMD7 of EAAT3. Predicted interactions of the benzyl group with hydrophobic regions of
EAAT3 were also in agreement with the structure of L-3-Br-TBOA complexed with GltPh.
In this conformation, the blocker prevents closure of the extracellular-facing HP2 loop
which normally occludes bound L-aspartate (Yernool et al. 2004). Interestingly, a distinct
orientation was predicted for L-TBOA because of the alternate interaction of R447 with
the ether oxygen of L-TBOA. This interaction preserves the α-amino group interaction
with D444 but causes the benzyl group to rotate to an orientation perpendicular to the
membrane plane, fitting into a hydrophobic domain bordered by TMDs 7/8 and HP2
(Figure 2B). These predicted conformations suggest that the HP2 loop position in the LTBA and L-TBOA transporter complexes may slightly differ. In terms of transporter
selectivity, L-TBOA and L-TBA exhibit moderate selectivity for the the glial EAAT2 and
neuronal EAAT3 subtypes, respectively (Shimamoto et al., 2000; Esslinger et al., 2005).
While L-TBA and DL-TBOA differ in subtype selectivity, each exhibits significant subtype
cross-reactivity at concentrations typically used. Because the effects of L-TBA on EPSC
and fEPSP kinetics observed in this study were not significantly different in wild-type and
transgenic mice lacking the EAAT3 gene, we conclude that they were primarily mediated
by inhibition of glial transporters EAAT1 and/or EAAT2, which would be predicted to be
approximately 75% occupied at the inhibitor concentration used (30µM) based on the KD
values of 12 µM and 9 µM for EAAT1 and EAAT2, respectively. This prediction is
consistent with the 67±10% observed block of the peak synaptic transporter currents in
astrocytes by L-TBA. While the glial transporter-dependent effects of L-TBA in increasing
synaptic glutamate reaching NMDARs appear to dominate the results we observed, it is
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important to note that the selective loss of neuronal transport has been reported to result
in changes in both synaptic transmission and plasticity that were not addressed here
(Diamond, 2001; Scimemi et al., 2009).
Past work has generally examined transporter control of extrasynaptic glutamate
spillover onto NMDARs under voltage clamp by examining the effect of transporter block
on EPSCs elicited under conditions where NMDAR activity is enabled (i.e. depolarized
potentials or Mg2+-free solution). Consistent with work from several groups (Asztely et
al., 2007; Lozovaya et al., 1999; Diamond, 2001; Arnth-Jensen et al., 2002; Scimemi et
al. 2009), we found that EAAT inhibition significantly prolonged EPSCs recorded at the
Schaffer-CA1 pyramidal cell synapse in Mg2+-free conditions due to enhanced NMDAR
signaling. L-TBA had no effect on postsynaptic responses in voltage clamp conditions
with NMDARs blocked by physiological [Mg2+]. Because voltage-dependent Mg2+ block
of NMDARs is dynamic during synaptic transmission, gaining greater insight into the role
of glutamate transport in modulating synaptic activity will require the use of selective
transport blockers in physiological conditions without voltage clamp. In this study we
have begun to address this issue and have shown that NMDAR-mediated components
of fEPSPs can be isolated that are dependent on glutamate transporter activity in a
frequency-dependent manner. The effect of L-TBA on the kinetics of fEPSPs elicited by
low-frequency stimulation in physiological Mg2+ was increased during brief bursts of
higher frequency synaptic activity, and this prolongation was blocked by the NMDAR
antagonist APV. This effect was not likely to be due simply to frequency-facilitation of
transmitter release, because increasing stimulus strength did not affect the kinetics of
fEPSPs elicited by low frequency stimulation. The data suggest that the influence of glial
glutamate transporters on NMDAR signaling are likely to vary with synaptic frequency
through postsynaptic voltage responses. A deeper quantitative understanding of the role
of glutamate transporters in excitatory synaptic transmission will require further studies
accounting for these variables.
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Table 1. Computational docking results
ChemScore

ΔG(kJ mol⁻¹)

orientation

L-TBOA

18.07

-22.14

perpendicular

L-TBOA

15.01

-18.62

parallel

L-TBA

-

-

perpendicular*

L-TBA

19.70

-23.62

parallel

L-3-Br-TBOA

20.19

-23.09

perpendicular

L-3-Br-TBOA

18.04

-23.90

parallel

*structure not found by energy minimization
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CHAPTER 4: EFFECTS OF SYNAPTIC FREQUENCY AND GLUTAMATE TRANSPORT ON
NMDAR ACTIVITY AT THE SCHAFFER-CA1 SYNAPSE
Abstract
NMDARs are high-affinity iontropic glutamate receptors which play a critical role
in the induction synaptic plasticity. The activation and channel opening of NMDARs is
dependent upon glutamate binding and depolarization due to Mg+2 blockade of the
channel. NMDARs can become activated by low concentrations of glutamate and
therefore have been utilized as sensors for spillover events at the synapse. Glutamate
transporters are thought to help maintain synapse specificity in the hippocampus by
limiting spillover of glutamate. While inhibition of glutamate transport has been shown to
cause increased NMDAR activity in conditions permissive for signaling, such as in the
absence of extracellular Mg2+, the roles of transport in physiological conditions are less
well understood. In this work we show that in Mg2+-free conditions, increasing release
site density prolonged the time course of EPSCs and fEPSPs evoked at low frequency
by enhancing NMDAR activity, while in physiological [Mg2+], this effect was not observed.
NMDAR fEPSPs were selectively enhanced by repetitive activity in a frequency range
that closely matched the decay kinetics of [Mg2+]-blocked NMDAR channels monitored
with depolarizing voltage pulses. Glutamate transporter inhibition in physiological [Mg2+]
increased NMDAR signaling in the same frequency-dependent manner. The data
suggest that at low frequencies, Mg2+ block rather than glutamate transport plays a
dominant role in restricting extrasynaptic NMDAR activity. This pool of glutamate-bound
and Mg2+-blocked NMDARs signal in a phase-shifted manner during repetitive synaptic
activity at frequencies governed by channel desensitization and transmitter unbinding.
The data also suggest a potential mechanism contributing to theta frequency-dependent
associative LTP.
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Introduction
Glutamate, the primary excitatory neurotransmitter in the CNS, binds to a variety
of ligand gated ion channels and G-protein coupled receptors with differing affinities and
spatial distributions. In addition to these targets, synaptically released glutamate also
interacts with glutamate transporters. Five major subtypes of excitatory amino acid
transporters exist in the CNS, and three of these (EAAT1-3; also known as GLAST,
GLT1, and EAAC1) are expressed in forebrain with primary distribution patterns on
astrocytes (EAAT1/2) and neurons (EAAT3) (Furuta et al. 1997). Studies with glutamate
transporter blockers indicate that the transporters play key roles in controlling glutamate
homeostasis in the CNS.In some cases, transport shapes glutamate dynamics during
synaptic transmission, though the latter effect is synapse-specific (Marcaggi and Attwell,
2004; Tzingounis and Wadiche, 2007). A general consensus from work at the
hippocampal Shaffer-CA1 pyramidal synapse is that transporter activity does not acutely
modify synaptic AMPAR-mediated responses (Isaacson and Nicoll, 1993; Sarantis et al.,
1993). However, inhibition of transport leads to glutamate spillover and activation of
extrasynaptic NMDAR receptors (Asztely et al., 1997; Lozovaya et al., 1999; Diamond,
2001, Arnth-Jensen et al. 2002; Tsukada et al., 2005; Scimemi et al., 2009). This
evidence comes primarily from voltage-clamp recordings to investigate the effects of
glutamate transport blockers on postsynaptic NMDAR currents.
A notable limitation of studies examining the influence of glutamate transport on
NMDAR EPSCs arises from the necessity of recording in non-physiological conditions
due to voltage-dependent block by Mg2+ (Mayer et al. 1984). In this study, we recorded
EPSCs in CA1 pyramidal neurons with the selective glutamate transporter blocker Lthreo-beta-benzylaspartate (L-TBA; Esslinger et al. 2005; Sun et al, 2011) and confirmed
that transport activity limits glutamate diffusion to extrasynaptic NMDARs. To extend
these studies to physiologically relevant conditions (i.e. normal extracellular [Mg2+]
without voltage clamp), we isolated AMPAR- and NMDAR-mediated components of
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extracellular fEPSPs in stratum radiatum. We found that at low frequencies of synaptic
activity, the influence of glutamate transport on synaptic signaling at the Shaffer-CA1
pyramidal cell synapse was minimal. At frequencies greater than ~5Hz, NMDAR
signaling was facilitated due to relief of Mg2+ block from glutamate-occupied receptors,
an effect that was greatly increased by inhibition of glutamate transport. Our findings
suggest that NMDAR signaling is controlled by the interplay of many several factors
including; synaptic frequency, transport, Mg2+ block, and NMDAR channel kinetics. We
propose that the observed theta frequency threshold for enhanced NMDAR signaling
observed in physiological conditions is a consequence of a phase shifted signal at
rhythms limited by NMDAR channel kinetics.
Results
Physiological Mg2+ prevents NMDAR activation and EPSC prolongation during
repetitive stimulation. In conditions that relieve voltage-dependent Mg2+ block, NMDARmediated EPSCs at the Schaffer-CA1 pyramidal cell synapse are enhanced by spillover when
transport is blocked (Asztely and Kullman. 1997, Diamond 2001, Scimemi et al, 2004) or when
glutamate release is increased (Christie and Jahr, 2006; Kullman and Asztely, 1998). In order to
examine the role of Mg2+ in limiting the effects of spillover with transport intact, we first
examined Mg2+ effects on postsynaptic response kinetics when transmitter release was
increased by frequency facilitation. This form of short-term plasticity increases the probability of
multivesicular release at this synapse in addition to increasing release site density (Christie and
Jahr, 2006). Paired-pulse stimulation (50 ms interpulse interval) facilitated the response
amplitude with no effect on EPSC kinetics in the presence of physiological Mg2+ (1.2 mM; Figure
1B), but a marked prolongation was observed in Mg2+-free ACSF (Figure 1A,D). As expected
from relief of voltage-dependent Mg2+ block of NMDARs, Mg2+ removal prolonged EPSCs
elicited by single stimuli. The effect of Mg2+ removal was significantly greater in the frequencyfacilitated second EPSC (Figure 1C,E). The effects of increased presynaptic glutamate release
on the EPSC kinetics were mediated solely by
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Figure 4.1. Physiological Mg2+ prevents NMDAR activation and EPSC prolongation
during repetitive stimulation. A) EPSC induced by a paired pulse stimulation with 50ms
interpulse interval in 0 Mg ACSF (containing 1.2mM Mg2+), the recording 1st EPSC only. Inset:
normalized 1st and 2nd EPSCs showing the 2nd EPSC is prolonged comparing with the 1st
EPSC, 2nd EPSC normalized charge transfer is 115±2.0% of 1st EPSC, n=14, p<0.0001. B)
EPSC induced by a paired pulse stimulation with 50ms interpulse interval in control ACSF
(containing 1.2mM Mg2+), the dotted line indicates the recording of 1st EPSC only. Inset:
normalized 1st and 2nd EPSCs showing the 1st and 2nd EPSC kinetics are not different, 2nd
EPSC normalized charge transfer is 98.9±1.9% of 1st EPSC , n=7, p=0.5815. C) Normalized 1st
and 2nd EPSCs for both recordings in control ACSF and in 0 Mg2+ ACSF. D) Quantification of
the charge transfer ratio (2nd/1st, Charge transfer is measured by integrating the normalized
EPSCs from the peak to 200ms after the peak). E) Average charge transfer of EPSC1 and
EPSC2 in both control and 0 Mg2+ ACSF.
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NMDARs, as there was no difference in the kinetics of the first and second EPSC in either
physiological Mg2+ or in the absence of Mg2+ with 50µM APV present (supplementary Figure 1).
These results indicate that facilitated release of glutamate results in a significant increase in
transmitter binding to NMDARs, even with glutamate transport intact, and that the physiological
response to this increased binding will depend critically on the degree of voltage-dependent
Mg2+ block.
To investigate the role of Mg2+ in controlling activation of NMDARs by glutamate spillover
in more physiologically relevant conditions, we utilized extracellular recording with Mg2+ present
or absent and analyzed AMPAR and NMDAR fEPSP changes as release site density varied. We
first established that NMDAR fEPSPs could be detected by evoking responses in the presence
of CNQX (10µM) and in the absence of Mg2+ (Figure 2A). These responses were blocked by
APV (50µM), confirming that they were NMDAR-mediated (Figure 2A). In comparison with the
fEPSP kinetics in physiological ACSF, the NMDAR fEPSPs isolated in the absence of Mg2+
displayed slower kinetics, as would be expected from the difference in channel kinetics and
glutamate affinity between NMDARs and AMPARs (Figure 2B; 20-80% rise time 1.5 ± x ms
n=16, 5.7 ± y ms n=17 p<.001). The kinetics of NMDAR fEPSPs isolated in 0 Mg2+ also
displayed a sensitivity to release site density and became slower as stimulus strength was
increased, in contrast to the fEPSPs recorded in physiological Mg2+ (Figure 2C,D). The
normalized time-integrals of the control fEPSPs were constant over a range of stimulus
strengths, while the NMDAR fEPSP decay times increased over the same range (Figure 2E).
Cooperation of voltage-dependent Mg2+ block and glutamate transport in limiting NMDAR
responses to glutamate spillover.
We examined the effects of the glutamate transporter blocker L-TBA on EPSCs and
fEPSPS to explore how glutamate transport and Mg2+ block might interact in controlling the
response of NMDARs to transmitter spillover. L-TBA is an aspartate derivative with high
selectivity for glutamate transporters over ionotropic glutamate receptors expressed on CA1
pyramidal neurons (Sun et al. 2011). In the absence of Mg2+, partial block of glutamate
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Figure 4.2. Isolated NMDAR (0 Mg2+/10µM CNQX) fEPSPs display slower decay kinetics
under conditions of dense fiber recruitment at the CA1 Schaffer collateral-pyramidal
neuronal synapse. (A) Bath application of 0 Mg2+ ACSF and 10µM CNQX isolate a NMDARmediated fEPSP confirmed by complete block with the NMDAR antagonist DL-APV (50µM),
representative trace. (B) The normalized Mg2+/10µM CNQX (NMDAR) fEPSP rise time is slowed
and decay kinetics are prolonged as compared to the fEPSP in control ACSF (1.2mM Mg2+,
representative trace.) (C) NMDAR (0 Mg2+/10µM CNQX) fEPSP decay kinetics become more
prolonged as stimulation strength increases, representative trace. (D) Dense fiber recruitment
elicited at high stimulation strength does not alter control field EPSP decay kinetics,
representative trace. (E) Normalized fEPSP time-integral (0-200ms) of individual experiments in
control (n=44,17 slices) and NMDAR (0 Mg2+/10µM CNQX, n=33,13 slices) conditions as a
function of the first fEPSP amplitude.
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transport with 30µM L-TBA prolonged EPSCs by selectively enhancing NMDAR signaling, with
no effect on AMPAR responses (Sun et al. 2011). L-TBA had a similar effect on frequencyfacilitated EPSCs, in which the charge transfers in the first and second EPSCs induced by
paired pulse stimulation were increased to 141±6.3% (n=6, p<0.01) and 163±9% (n=6, p<0.001)
of control, respectively (Figure 3A-C). Although the mean prolongation induced by L-TBA was
greater in the facilitated EPSC, this difference did not reach statistical significance (p=0.08,
Figure 3C).
These data confirm that in conditions permissive for NMDAR signaling, increases in
release site density (Christie and Jahr, 2006) or reduction of glutamate transport (Asztely and
Kullman. 1997, Diamond 2001, Scimemi et al, 2004) induce transmitter spillover with
consequent effects on postsynaptic responses. However, the implications for physiological
signaling are unclear because of the expected attenuation of NMDAR signaling by voltagedependent Mg2+ block. We therefore sought to characterize NMDAR responses to spillover in
physiological ACSF containing 1.2 mM Mg2+ using extracellular recording. In physiological
ACSF, the primary component of the Schaffer-CA1 fEPSP arises from AMPAR signaling, but
frequency facilitation revealed an NMDAR-mediated component of the fEPSP detectable by
increased rate of decay in the presence of 50µM APV (Figure 3D,E). The change in the fEPSP
kinetics induced by APV was assessed by measuring the time integral of the fEPSP responses
after normalizing peak amplitudes. The NMDAR-mediated field signal was selectively enhanced
relative to the AMPAR signal by paired-pulse facilitation (p=0.001; Figure 3E). Inhibition of
glutamate transport by 30 µM L-TBA slowed the fEPSP decay kinetics, and this effect was also
greater in the frequency-facilitated fEPSP relative to the response elicited at low frequency (p=.
001; Figure 3D,E). This effect of L-TBA was reversed by co-application with 50 µM DL-APV
(p=0.50, 0.37 respectively; Figure 3D,E), indicating that NMDAR signaling in the frequencyfacilitated fEPSP was selectively enhanced by L-TBA-induced spillover. Paired-pulse facilitation
could potentially increase NMDAR signaling in several ways; including increasing
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Figure 4.3. Physiological Mg2+ limits the enhancement of NMDAR activation induced by
either transport block or increased fiber recruitment in a frequency dependent manner in
non-voltage clamp recordings. (A,B) EPSC induced by a paired pulse stimulation in the
presence or the absence of 30µM TBA in ACSF containing 1.2mM Mg2+ (A) or 0 Mg2+ (B), the
charge transfer of 1st and 2nd EPSC after TBA were 141.4±6.3% (n=6, p<0.01) and
162.7±8.9% (n=6, p<0.0001) of control for 0 Mg2+ group, 101.1±3.3% (n=4, p>0.7) and
101.4±11.8% (n=4, p>0.9) for 1.2mM Mg2+ group. TBAʼs prolongation effect on 1st EPSC and
2nd EPSC in 0 Mg2+ solution are not significant different (p>.05). (C) Summary of data for
experiments shown in (A) and (B). (D) 30 µM L-TBA prolonged fEPSPs in a frequencydependent manner that was reversed by co-application of 50µM DL-APV (gray trace). (E)
Summary of mean effects in 50µM DL-APV(n=44, 9slices), 30µM TBA (n=42, 9 slices) and
50µM DL-APV and 30µM TBA (n=9, 9 slices) in a single and paired-pulse protocol; * denotes
p<.05. (F, G) Field EPSP time-integral of Individual experiments (all peaks were normalized to 1,
0-200ms after peak) in control and 30µM TBA as a function of first (F) and second (G) fEPSP
amplitude (n=43).
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presynaptic release probability and overall release site density, increasing multivesicular release
from a subset of individual synapses , and/or by overwhelming glutamate transport (Christie and
Jahr, 2006). To examine the potential effect of increased release site density in the selective
increase in NMDAR signaling seen during frequency facilitation, stimulus strength was changed
during a paired-pulse paradigm in the presence or absence of 30µM L-TBA. In the presence or
absence of L-TBA, the normalized time-integral of the first fEPSP elicited by paired-pulse
stimulation did not change with stimulation strength, even as fEPSP amplitudes varied over a
range exceeding the peak facilitation ratio (Figure 3F,G). This suggests that during low
frequency signaling, one or more mechanism(s) are in place to limit NMDAR activation as
release site density increases, even when glutamate transport is inhibited. In contrast, with
frequency facilitation, inhibition of glutamate transport resulted in a significant positive slope of
the facilitated fEPSP time integral as function of fEPSP amplitude (Figure 3G; least-squares
linear regression/slope analysis L-TBA: r =.43, p=0.004; control: r = 0.076, p=0.650).
Mechanism of frequency-dependent NMDAR facilitation- To examine the mechanism
underlying the observed difference in frequency facilitation of AMPAR and NMDAR fEPSPs, we
isolated NMDAR fEPSPs elicited by paired-pulse stimulation in either the presence or absence
of extracellular Mg2+. In the first set of experiments, NMDAR responses were isolated by
recording fEPSPs in control ACSF containing 1.2 mM Mg2+ and subtracting responses in the
presence of 50 µM APV. In the latter case, NMDAR fEPSPs were recorded in extracellular
solution containing 20 µM CNQX with 0 Mg2+ (see Figure 2). The peak amplitude facilitation
ratios of the fEPSP in control ACSF, the AMPAR-mediated fEPSP recorded in the presence of
50µM APV, and the NMDAR fEPSP recorded with CNQX in the absence of Mg2+ were not
significantly different (Figure 4A-C). In contrast, the facilitation ratio of the NMDAR fEPSP
isolated by APV during recording in physiological ACSF with Mg2+ was significantly greater
(Figure 4D; p<.001). Interestingly, the rise time of the second fEPSP was also
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Figure 4.4. Paired pulse facilitation of NMDAR at the CA1 Schaffer collateral-pyramidal
neuron synapse in the presence and absence of magnesium. Normalized fEPSPs of (A)
fEPSP in control ACSF (representative trace) (B) AMPAR (50µM DL-APV, representative trace),
(C) Mg-free +10µM CNQX (mean 40 traces, 4 slices), and (D) NMDAR (Control trace-DL APV,
mean 80 traces, 8 experiments) responses elicited by a paired pulse (50ms) protocol. (E)
Summary of paired pulse ratios calculated following subtraction of the 1st fEPSP of Total (n=45,
9 slices), AMPAR (n=45, 9 slices), Mg-free CNQX (n=34, 13 slices), and Control-APV (n=28, 8
slices) ** indicates a P<.001. (F) An overlay of the 1st and 2nd fEPSPs of the AMPARs (50µM
APV, representative trace), isolated NMDARs (0Mg+2 and CNQX, representative trace), and
APV-sensitive NMDARs (Control-APV, mean of 90 traces, 3 slices) indicate a significant shift in
the rise time (10-90%) only under conditions of NMDAR isolation in the presence of Mg+2 (p<.
05).
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significantly faster as compared to the first fEPSP in only the APV-sensitive component (Figure
4E). These data suggested the possibility that selective enhancement of NMDAR signaling
during repetitive activity may be due to a postsynaptic effect of Mg2+.
To compare the interpulse interval-dependence of the NMDAR facilitation with that of the
presynaptic release change reflected in facilitation of the AMPAR fEPSP, paired stimuli were
delivered at varying interpulse intervals (Figure 5). The time-dependent facilitation of the
NMDAR signal was divided by that of the AMPAR signal to account for the presynaptic
facilitation that occurs due to residual calcium. The time-dependence of their mean relative
amplitudes revealed that the NMDAR-selective frequency-enhancement decayed with a time
constant of 194 ms (Figure 5B). We used the same analysis to compare the interpulse intervaldependence of the NMDAR signal isolated in the absence of Mg2+ with CNQX. In this case, the
frequency dependence of facilitation were not different for NMDAR and AMPAR fEPSPs,
suggesting a key role for physiological Mg2+ in generating the time course of NMDAR-selective
frequency facilitation. The NMDAR signal was also isolated in the presence of L-TBA which
revealed a significantly longer time constant of 1348.6 ms (Figure 5C). The increase in time
constant is most likely a reflection of the effect of glutamate transporters on t glutamate diffusion
time course.
Frequency- and Mg2+-dependent enhanced synaptic NMDAR signaling correlates with channel
deactivation/desensitization kinetics
NMDAR receptors display slow decay kinetics following glutamate binding (Lester and
Jahr 1992; Mayer et al. 1984). We sought to test the possibility that Mg2+ played a role in the
NMDAR-selective frequency facilitation through voltage-dependent unblock of receptors
occupied by a previous synaptic glutamate transient. Using nucleated patches from CA1
pyramidal cells, we compared the paired-pulse interval-dependence of this synaptic facilitation
with the time-dependence of responses to brief voltage pulses relieving Mg2+ unblock from

47

Figure 4.5. Magnesium-dependence of facilitation at the CA1 Schaffer collateralpyramidal neuron synapse. (A) Mean fEPSPs trace (60 traces, n=6 slices) of APV-sensitive
NMDA (Control trace -DL APV Traces) at interpulse intervals from 0 to 500ms (n=6). (B)
Summary of mean NMDAR (Control-APV) PPR normalized to AMPAR PPR (n=9) fit to a single
exponential. (C) Representative field EPSPs of NMDAR (0 Mg2++10µM CNQX) at interpulse
intervals from 0 to 500 msecs (40 traces mean trace n=4). (D)Summary of mean NMDAR (0
Mg2+) PPR normalized to AMPAR PPR (n=6). Interpulse interval experiments were done at a
stimulus strength that elicited 60% of the maximum response. (E) Representative field EPSPs
of NMDAR in 30µM TBA [TBA-(TBA+APV)] at interpulse intervals from 0 to 500 msecs (40
traces mean trace n=4). (F) Summary of mean NMDAR in 30µM TBA [TBA-(TBA+APV)] PPR
normalized to AMPAR PPR (n=6) and mean NMDAR (Control-APV) PPR normalized to AMPAR
PPR (n=9). Interpulse interval experiments were done at a stimulus strength that elicited 60%
of the maximum response.
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Figure 4.6. NMDAR currents recorded from nucleated patches with 1ms L-Glu application
under continuous +40mV holding potential (top trace) or -60mV to +40mV 5ms voltage
jumps (bottom trace). (B) Single exponential fitting of decay kinetics. Grey symbols, decay of
voltage jump currents from outside out patches. Black symbols, decay kinetics of normalized
APV sensitive fEPSP.
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NMDAR channels at varying intervals following exposure to a transient glutamate concentration
application. The response to 5 ms voltage jumps relieving Mg2+ block slowly decayed as a
function of the time interval following a 1ms exposure to 1 mM L-Glu (Figure 6). The decay time
course of the voltage jump currents matched the time-interval dependence of the synaptic
facilitation reasonably well, with a fast time constant 148±12ms and a slow time constant of
521±73ms (Fig.6 inset).
Discussion
In these studies, we determined the effects of spillover and Mg++ unbinding on NMDAR
signaling. We used whole-cell recording from CA1 pyramidal cells and extracellular field
recording in stratum radiatum to investigate the effect of glutamate transport inhibition on
synaptic NMDAR activity as a function of release site density, release frequency, and Mg2+
block. Our results demonstrate that glutamate spillover onto NMDARs can be facilitated by
increasing release site density and release frequency.
As reported for NMDAR EPSCs in whole-cell voltage clamp studies (Arnth-Jensen et al.
2002), NMDAR field responses were prolonged by increasing stimulus strength, presumably
due to spatiotemporal effects arising from transmitter pooling as release site density increases
(Figure 3B,E; Otis et al., 1996). In dramatic contrast to results in Mg2+-free conditions, fEPSP
kinetics in physiological ACSF were not altered by varying stimulus intensity (Figure 3C,E).
Furthermore, addition of APV had no effect on fEPSP kinetics in the presence of Mg2+ (Figure
3D). With increasing input density, more receptors bind glutamate but Mg2+ maintains this block
(Figure 3C,D). In contrast, brief repetitive activity induced by as few as two stimuli (50ms interpulse interval) effectively activated NMDAR signaling, because the second fEPSP displayed
pronounced APV-sensitivity even in the presence of physiological Mg2+. Together these data
suggest that even during sparse low-frequency synaptic activity with glutamate transport intact,
significant transmitter binding to NMDARs occurs, but signaling is substantially prevented by
Mg2+ block. The voltage-dependent Mg2+ block has previously been implicated in spike-timing
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dependent plasticity (Kampa et al. 2004), yet the role of transporters has not yet been
investigated. It is important to note that the mechanism underlying the NMDAR signaling
induced by frequency facilitation in physiological ACSF was not likely amplitude-dependent,
since increases in low-frequency stimulus strength that resulted in equivalent or greater
increases in fEPSP amplitude than caused by frequency-facilitation had no effect on kinetics.
The involvement of glutamate transporters in limiting the frequency-enhancement of
NMDAR activity was examined by testing the effect of 30µM L-TBA on fEPSPs. In the presence
of physiological Mg2+, neither the amplitude nor the facilitation ratio of fEPSPs was significantly
changed by TBA (100±2% and 97±3% of control, respectively; n=29). TBA slightly prolonged the
kinetics of the fEPSP elicited by low frequency stimulation, but it had a more pronounced effect
on the frequency-facilitated fEPSP (Figure 4A,B). The prolongation induced by TBA was
mediated by NMDARs, as it was reversed by APV (Figure 4B). The effect of transport inhibition
on the second fEPSP was also selectively enhanced by increasing release site density (Figure
4C,D).
We further examined Mg2+ and glutamate transporter actions on synaptic NMDAR
activity by whole cell recording from CA1 pyramidal cells. Consistent with field recording results,
removal of Mg2+ with transport intact resulted in prolongation of the EPSC, with greater
prolongation of the second EPSC evoked in a paired-pulse stimulation (Figure 3). While in
physiological Mg2+ the normalized charge transfer in the second EPSC was the same as the
first. In addition L-TBA prolonged EPSCs evoked in Mg2+-free ACSF by either single stimuli or
paired pulse stimulation. In this study we confirmed the contribution of transport to restricting
glutamate diffusion to extrasynaptic NMDARs. We extended these studies to physiologically
relevant conditions by isolating AMPAR- and NMDAR-mediated components of extracellular
fEPSPs in stratum radiatum in normal extracellular [Mg2+] without voltage clamp. These
experiments found that the influence of glutamate transport on synaptic signaling at the
Shaffer-CA1 pyramidal cell synapse was minimal at low frequencies of synaptic activity. At
frequencies greater than ~5Hz NMDAR signaling was facilitated due to relief of Mg2+ block from
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glutamate-occupied receptors. This phenomenon was greatly increased by inhibition of
glutamate transport by L-TBA as apparent by the increase in the time constant. The data
suggest that NMDAR signaling is controlled by the interaction of several factors. We conclude
that NMDA signaling and the induction of LTP is dependent upon synaptic frequency, transport,
Mg2+ block, and NMDAR channel kinetics. We propose that the observed theta frequency
threshold for enhanced NMDAR signaling observed in physiological conditions is a
consequence of a phase-shifted signal at rhythms, specifically theta, limited by NMDAR channel
kinetics.
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Chapter 6: Conclusions
Glutamate is the major excitatory neurotransmitter in the brain and mediates a majority
of the excitatory synaptic transmission that is required for processes like learning and memory.
The concentration of glutamate in the brain is tightly regulated by glutamate transporters. In
these studies, I employed several methods to alter the concentration profile of synaptically
released glutamate and increasing spillover.
First, I began by characterizing the novel transport blocker L-TBA (Esslinger et al., 2005).
The data presented demonstrate that L-TBA has an increased selectivity for glutamate
transporters over ionotropic glutamate receptors expressed on pyramidal neurons, as it neither
antagonized nor activated ionotropic glutamate receptor responses to equimolar glutamate
concentrations (Figure 1.2). The time course and activation of NMDARs during transport block
mediated by L-TBA was also mathematically validated. It is important to note that past work
generally examined the effect of transporter block on EPSCs elicited under conditions where
NMDAR activity is enabled (i.e. depolarized membrane potentials or in Mg2+-free solution), yet
these studies focused on more physiologically relevant conditions where magnesium block of
the NMDA receptor was intact. We found that EAAT inhibition significantly prolonged EPSCs
recorded at the Schaffer-CA1 pyramidal cell synapse in Mg2+-free conditions due to enhanced
NMDAR signaling. However, L-TBA had no effect on postsynaptic responses in voltage clamp
conditions with NMDARs blocked by physiological [Mg2+]. Because voltage-dependent Mg2+
block of NMDARs is dynamic during synaptic transmission, gaining greater insight into the role
of glutamate transport in modulating synaptic activity required the use of selective transport
blockers in physiological conditions without voltage clamp, which we accomplished by recording
fEPSPs.
We addressed this issue and have shown that NMDAR-mediated components of
fEPSPs can be isolated that are dependent on glutamate transporter activity in a frequencydependent manner (Figure 1.5). NMDAR-mediated signaling is primarily limited by voltagedependent Mg2+ block during low-frequency activity, while the relative contribution of glutamate
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transporters increases during short bursts of higher frequency signaling. The effect of L-TBA on
the kinetics of fEPSPs elicited by low-frequency stimulation in physiological Mg2+ was increased
during brief bursts of higher frequency synaptic activity, and this prolongation was blocked by
the NMDAR antagonist APV. This effect was not likely to be due simply to frequency-facilitation
of transmitter release because increasing stimulus strength did not affect the kinetics of fEPSPs
elicited by low frequency stimulation.
We also observed a frequency dependent facilitation of NMDARs that occurred only in
the presence of Mg2+ and followed a decay time constant similar to the unbinding rate of
glutamate to an outside out patch. Therefore, we believe a pool of glutamate-bound and Mg2+blocked NMDARs signal in a phase-shifted manner during repetitive synaptic activity at
frequencies governed by NMDAR channel desensitization and glutamate unbinding. This work
suggests a potential mechanism contributing to theta frequency-dependent associative LTP.
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